Interest in the development of new sources of transplantable materials for the treatment of injury or disease has led to the convergence of tissue engineering with stem cell technology. Bone and joint disorders are expected to benefit from this new technology because of the low self-regenerating capacity of bone matrix secreting cells. Herein, the differentiation of stem cells to bone cells using active multilayered capsules is presented. The capsules are composed of poly-L-glutamic acid and poly-L-lysine with active growth factors embedded into the multilayered film. The bone induction from these active capsules incubated with embryonic stem cells was demonstrated in vitro. Herein, we report the unique demonstration of a multilayered capsule-based delivery system for inducing bone formation in vivo. This strategy is an alternative approach for in vivo bone formation. Strategies using simple chemistry to control complex biological processes would be particularly powerful, as they make production of therapeutic materials simpler and more easily controlled.
active biomaterials | layer-by-layer | nanostructured capsules | stem cells | tissue engineering F or decades, the treatment of degenerative cartilage and bone diseases has been a challenge for orthopaedic surgeons due to the apparent inability of cartilage and bone to repair itself. There is no effective therapy available and patients can only be helped by surgical joint replacement. An inherent major concern is the limited availability of autografts, which significantly reduces the number and type of treatable defects. Hence, new approaches are being developed, including cell grafting using cells grown in bioreactors with the appropriate growth factors (1, 2) and stem cell technology, as a source of transplantable material. Embryonic stem (ES) cells represent a valuable source for cell transplantation since their characteristic features include an unlimited self-renewing capacity and a multilineage differentiation potential (3, 4) . As an example, ES-derived glial precursors and cardiomyocytes have been successfully transplanted, integrated, and shown to be functionally active in the transplantation site (5, 6) . The yield of differentiation of ES cells into an intended lineage can be greatly enhanced by the addition of growth factors or induction substances. Whereas protocols for the differentiation of cardiomyocytes, neuronal cell types, insulin-producing cells, or adipocytes from ES cells have been available for many years (7) (8) (9) (10) , the differentiation of ES cells into elements of the skeleton has only recently been reported (11) (12) (13) (14) .
The identification of an entirely unique family of growth factors, bone morphogenetic proteins (BMPs), has led to an increase in the understanding of bone formation and regeneration (15) . BMPs regulate cartilage and bone differentiation in the body as initiated by the binding of BMPs to specific cell-surface receptors (bone morphogenic protein receptors). This activates a signalling cascade inside the cells that results in the production and recruitment of proteins necessary for transformation into cartilage-and bone matrix-synthesizing cells, i.e., chondroblasts and osteoblasts, respectively (15) . Bone formation or ossification continues through a series of events that include formation of cartilage, hypertrophy, and calcification of the deposited cartilage, vascular invasion, differentiation of osteoblasts and mineralization of bone. BMPs can therefore be used to initiate bone formation and growth if applied to a bone defect. However, an effective and efficient carrier matrix that maintains the biological activity and regenerating action of BMPs is required to deliver the proteins to the site of the defect (16) (17) (18) .
The most widely used carrier matrices for BMPs are implantable collagen-based matrices. Notably, the FDA-approved absorbable collagen sponge matrix has been used in the therapeutic administration of BMPs (BMP 2 ) since 1981. Granular forms of collagen for BMP 7 delivery are also used therapeutically. Also in preclinical and clinical trials are collagenous preparations obtained after extraction of BMPs from the bone matrix. Hydrogels of fibrin and alginate are also under investigation. In recent years, considerable effort has been devoted to the design and controlled fabrication of structured matrices with functional properties. Polyelectrolyte multilayer (PEM) films incorporating functional proteins and other bioactive materials provide one example (19) . PEM films are prepared by the layer-by-layer (LbL) deposition of interacting materials, typically by the electrostatic interaction of oppositely charged polyelectrolytes (20) . Therapeutics and biomolecules including peptides, proteins, and nucleic acid have been embedded in PEM films, which offer new opportunities for the preparation of functionalized bioactive coatings (19) (20) (21) . These supramolecular nanoarchitectures can be designed to exhibit specific properties, including control of cell activation, inflammation (22, 23) and localized drug, growth factor or nucleic acid delivery (24, 25) . The embedded biomolecules, which are either chemically bound to polyelectrolytes or physically adsorbed, have been shown to retain their biological activity in many studies (22) (23) (24) (25) (26) . Bioactive proteins can be directly integrated in the architecture without any covalent bonding with a polyelectrolyte and keep a secondary structure close to their native form. Degradable layered structures would be advantageous for progressive delivery of associated active agents This article is a PNAS Direct Submission.
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Previously, we showed that embedding BMP 2 and the transforming growth factor β 1 (TGFβ 1 ) within a PEM film on a planar substrate can drive ES cells to cartilage or bone differentiation (27) . TGFβ 1 (25 kDa) influences the proliferation and differentiation of the stem cells (28) , while BMP 2 (26 kDa) stimulates the production of specific bone matrix proteins (29, 30) . The proteins were embedded within a film of alternating layers of the polypeptides poly-L-lysine (PLL) and poly-L-glutamic acid (PGA) (31, 32) . Local degradation of PLL/PGA films by cells attached onto the surface of such films has been proposed as the mechanism by which cells gain access to biomolecules embedded within films. In the present work, BMP 2 and TGFβ 1 were embedded within colloidal multilayered capsules composed of PLL and PGA (33) ; the main advantage of a colloidal system over a planar system lies in the injectable format of colloidal particles as well as the higher surface area and improved accessibility provided by the particles. The versatility of the LbL technique allows for facile adaptation to a colloidal system-the multilayer is simply formed on a spherical substrate, which may be decomposed to form polymeric capsules with shells of nanosized thickness (34, 35) . Proteins including antibodies have been adsorbed onto the surface of LbL-assembled capsules for targeting and sensing applications (36, 37) . Drugs, nucleic acid, and proteins have been encapsulated within the capsule core and, more recently, active peptides have been embedded within the polymer layers of the capsule shell (38) (39) (40) . Herein, we report the preparation of multilayered capsules incorporating BMP 2 and TGFβ 1 and show both in vitro and in vivo, the induction of bone formation from embryonic stem cells. This work highlights the potential use of these biocompatible multilayered capsules in the injectable transplantation of embryonic stem cells for cell-based therapies.
The most likely clinical application of our strategy would be, for example, after bone metastasis ablation. Myeloma and some secondary bone cancers produce factors that activate the osteoclasts. Bone is then dramatically fragilized, which often requires metastasis ablation and biomaterial implantation. In this case the biomaterial could be potentially functionalized by using our strategy.
Results and Discussion
The embedding of BMP 2 and TGFβ 1 within the PLL and PGA multilayer film was first analyzed on a planar surface using dual polarization interferometry (DPI). DPI provides real-time kinetic information on the deposition of materials during film assembly and allows determination of properties such as thickness and mass of the film in solution. Fig. S1 shows the exponential increase in thickness and mass with layer number, as expected for exponentially growing PLL/PGA multilayer films (41) . The deposition of BMP 2 and TGFβ 1 on the underlying PLL layers results in an increase in both thickness and mass, which indicates the successful embedding of the negatively charged proteins within the film architecture. The thicknesses obtained upon BMP 2 and TGFβ 1 adsorption (3.4 nanometer (nm) and 4.5 nm, respectively), are consistent with the reported dimensions for both proteins, assuming that the proteins adsorb laterally or in a "side-on" configuration (42, 43) . The protein mass coverage was approximately 5.2 mg∕m 2 and 7.4 mg∕m 2 for BMP 2 and TGFβ 1 , respectively.
Characterization of the embedding of BMP 2 and TGFβ 1 within PLL/PGA multilayers deposited on spherical colloidal templates was performed using microelectrophoresis, Fig. S2 . Microelectrophoresis yields the zeta potential of the particles, which is related to the overall surface charge of the particle. The alternating zeta potentials observed for the protein deposition steps suggest the incorporation of BMP 2 and TGFβ 1 in the multilayers.
Capsules were formed by deposition of the PLL/PGA multilayers (primed with an initial layer of polyethyleneimine) on 1 μm spherical silica particles followed by the dissolution of the silica core template. Confocal microscopy images of the resulting hollow capsules are shown in Fig. 1 . In this study, we investigated two multilayer architectures differing only by the presence or absence of BMP 2 and TGFβ 1 : PEI-ðPGA-PLLÞ 4 and PEI-ðPGA-PLLÞ 2 -BMP 2 -PLL-TGFβ 1 -PLL ( Fig. 1A and B). The above results suggest the incorporation of two actives proteins into PLL/PGA multilayered capsules, which provide a unique system for tissue engineering applications.
During embryo development, bone formation or ossification progresses in two steps: (i) chondrocytes arise after mesenchymal condensation; and (ii) they become hypertrophic as characterized by the expression of collagen type II and by calcification. To test for initial bone formation, embryoid bodies (EBs) were grown in contact with PEI-ðPGA-PLLÞ 2 -BMP 2 -PLL-TGFβ 1 -PLL multilayered capsules or with PEI-ðPGA-PLLÞ 4 as a control. We analyzed the differentiation of the EBs, cultured in the presence of insulin and ascorbic acid, after 21 days by performing von Kossa staining, which is a marker for calcification that indicates the differentiation of EBs into mineralized bone structures. The von Kossa staining (Fig. 2) clearly showed the presence of large (Fig. S5) .
areas of mineralized structures (in black) in the presence of BMP 2 − and TGFβ 1 -containing capsules ( Fig. 2A) , whereas only sporadic black-stained areas were visible from EBs incubated with control capsules (Fig. 2B ). This suggests that BMP 2 and TGFβ 1 induced EBs to transform into hypertrophic chondrocytes and hence into mineralized osteocalcin-expressing osteoblasts. The osteogenic differentiation of ES cell-derived EBs, as stimulated by BMP 2 and TGFβ 1 , indicate sufficient interaction of the EBs with the functionalized particles (core/shell) or capsules. In experiments with free growth factors, it was observed that without adding growth factors after each change of the medium, no specific mineralization was detected. The use of multilayered film capsules containing the growth factors appears to protect the growth factors from degradation and act as a reservoir for the cells. The von Kossa staining is not sufficient to prove bone formation, but the mineralized structure visualized here clearly indicates the onset of bone induction.
The presence of osteopontin, a glycoprotein product secreted extracellularly by osteoblasts, is another indication of the generation of osteoblasts from the EBs. The presence of osteopontin was determined by immunocytochemistry of the resulting cells. The fluorescence exhibited by the cells grown in the presence of protein-embedded PLL/PGA capsules (see Fig. 2D ) demonstrates the expression of osteopontin as induced by the BMP 2 and TGFβ1 embedded in the multilayered capsules. Capsules without growth factors showed no significant osteopontin expression (Fig. S5 ). In our previous study (27) , we have shown by room temperature (RT) PCR that after 21 days of culture of the same cells used in this experiment and with the same growth factors incorporated into planar multilayered films, bone induction markers including osteopontin and osteocalcin were expressed by the cells.
In support of this observation, SEM images (Fig. 3 ) of the cell mass generated from growth in the presence of the active multilayered capsules show the osteoblasts actively produce a bone matrix as well as mineralized collagen fibers. As a control, by using the multilayered capsules without BMP 2 and TGFβ 1 , we did not observe any osteoblasts in the cell mass generated from growth.
There is a large demand for new bone regeneration to restore function during bone injuries. Bone filling materials, such as implants, are important in bone tissue restoration. During the three major phases of osteogenesis; (i) proliferation, (ii) ECM deposition and maturation, and (iii) mineralization, the expression pattern of typical markers is organized temporally and sequentially. Our results indicate that we are able to induce osteogenesis from embryonic stem cells, mediated by growth factors embedded in multilayered particles. We observed, by SEM the in vitro transformation of undifferentiated embryonic stem cells to the osteoblastic phenotype (Fig. 3) .
For the in vivo experiments, we initially tested the subcutaneous injection of capsules and EB mixed in a single formulation. We were not able to induce bone formation using this strategy. It is possible that EBs require a three-dimensional environment for growth, such as an alginate gel matrix (used for tissue engineering), to increase their contact with the capsules. Hence, for in vivo experiments, samples were incubated in the presence of alginate gel as a substrate for the implantation. Samples were cultured in differentiation conditions (in the presence of the active particles) over 5 days prior to subcutaneous implantation into MF1-nu∕nu mice (Fig. 4) . As a control, we also implanted the gel-containing particles without any growth factors (See Fig. S4 ). We did not observe inflammation (no fibrosis in the site of implantation). Bone forming cells were observed within the implant, and we also observed vascularization surrounding and infiltrating the implant (Fig. 4B and C) . We have also shown no osteopontin detection when the capsules were without any growth factors (see Fig. S5 ).
Semithin sections (2 μm) of the implant were taken and stained with toluidine blue. By optical microscopy, we visualized different cells of bone: (i) osteocytes into their lacuna with bone matrix; (ii) osteoclasts; and (iii) osteoblasts (Fig. 4D) . In Fig. 4D , the toluidine blue staining helps in the visualization of all types of cells, including the osteoclast with multiple nuclei compared to the osteoblast with one nucleus, and the osteocyte in their lacuna. The presence of osteocyte in the lacuna is specific for bone formation. While visualizing the different types of cells associated with bone suggests bone induction, it is not sufficient to claim bone formation. However, the observation of osteocytes into the lacuna and bony trabecculum suggests bone formation.
We also analyzed in more detail section (S), as represented in Fig. 4D . By TEM we observed: (i) the osteocytes in their lacuna (osteoid) with bone matrix as mature bone cells embedded in calcified bone matrix; (ii) the osteoclast and osteoblasts as nondividing cells actively producing bone matrix; and (iii) the osteoid in the layer of nonmineralized matrix adjacent to the osteocyte membrane, indicating the first stage in bone formation (Fig. 4E) .
For further characterization, we also analyzed by TEM the in vivo induction of biomineralization by observing calcium phosphate deposits (Fig. 4F) . As a control, by using the capsules without growth factors, no hydroxyapatite crystal growth was detected (Fig. 4G) . We also analyzed the structure of the induced bundle of collagen fibrils in longitudinal and transverse sections (Fig. 3C ). In the negative control (capsules without any growth factors), collagen type I, which is not specific for bone, was observed along with fibroblasts (Fig. S3) . In this control, we did not detect collagen type II, which is normally indicative of cartilage induction and, consequently, bone formation (27) .
Our results clearly indicate that we are able to induce in vivo bone formation by using alginate gel as a matrix for embedding EBs and active multilayered particles. For the in vitro experiments, we were able to induce bone formation, which is probably due to the close proximity of the cells with capsules. For the in vivo experiments, initial ectopic injection of the active multilayered capsules and stem cells did not result in bone induction, which suggests that the capsules may be able to diffuse away from the site of injection, thus delivering a much lower concentration of the growth factors to the EBs.
Previously, we determined the mechanism by which cells come in contact and interact with active proteins, peptides, drug, or DNA incorporated into the multilayered PLL/PGA films (21) (22) (23) (24) . We have shown that when in contact with planar multilayered films, the cells locally degrade the film (by the secreted proteases able to degrade PLL and PGA) and develop pseudopods. By these two mechanisms, local degradation and chimiotactism, the cells interact with active molecules incorporated into the multilayered film (21) . We have also shown that by using the enantiomer D of PLL and PGA, the cells cannot degrade the film and are not able to interact with embedded active molecules into the multilayered film (21) . Therefore, in the capsule system presented here, we assume that we do not have passive release of the growth factors, and that we have close interaction between the cells and the active molecules incorporated in the capsules. This suggests that in our system, release and delivery occurs when the films are in close proximity to the cells.
We have also previously shown that by only mixing BMP 2 and TGFβ 1 with alginate and cells, we are not able to induce bone formation at 21 days of culture without adding the growth factors after each change of the medium. By using the capsules, we did 
These films are of nano/micro-metric size: (i) Their nanometric size allows functionalizing the systems with very few active molecules (here BMP 2 and TGFβ 1 ). Due to the nanometric size these active molecules can be concentrated over a very small thickness, allowing very small amounts to achieve biological activity. (ii) The nanometric size of the systems and in particular the possibility to design them precisely over a nanometric scale by embedding active materials at different locations in a film allow fine-tuning of the biological activity of these films as has been demonstrated in the past. (iii) The sequential biological tuning by two or more molecules is possible by the layer-by-layer technology.
In a recent study, it was reported that a preformed cartilage template was necessary for effective bone formation in vivo (44) . Initial attempts to directly differentiate embryonic stem cells based on differentiation protocols and media/growth factor formulations yielded positive in vitro results, but did not result in bone formation in vivo. In the current study, we have shown that by implanting an alginate gel matrix to restrict particle mobility and increase contact with cells, we are able to induce bone formation without the need for a cartilage template. The significant advance of this work is that no predifferentiation is required and that no cartilage template as a scaffold was needed. This work is also a unique demonstration of the use of a multilayered capsulebased delivery system for inducing bone formation in vivo. By using this formulation, we can incorporate different kinds of active molecules aimed at different applications, such as gene therapy, drug therapy, or tissue engineering. This innovative approach, should also find applications in other domains of complex tissue restoration.
Methods
Chemicals. Poly-(L-lysine) hydrobromide (PLL, MW ¼ 30.3 KDa), polyethyleneimine (PEI), polyglutamic acid (PGA, MW ¼ 47, 5 KDa), and poly-(L-lysine)-FITC, were purchased from Sigma. BMP 2 , TGFβ 1 , the antibody OPN (AKm2A1) sc-21742 and the goat antimouse IgG-Alexa were from R&D system (Europ Ltd, Abingdon, UK). Bisbenzimide H 33258 (Hoechst) used for microscopy was purchased from Invitrogen. Alginic acid sodium salt, low viscosity was purchased from Alfa Aesar, and the CaCl 2 was from Sigma.
Embedding of BMP 2 and TGFβ 1 in PLL/PGA Multilayers-DPI Analysis. The incorporation of both BMP 2 and TGFβ 1 into PLL/PGA films was investigated using dual polarization interferometry. A silicon dioxide sensor (lightly doped with silicon nitride) was used as the template for the LbL assembly of PLL/PGA and the subsequent embedding of the proteins. The sensor was mounted on the instrument and degassed Milli-Q water was flowed over the sensor at a flow rate of 50 μL: min −1 . Once the baseline sensor response was stabilized, an 80% ethanol/water mixture was flowed (50 μL: min −1 ) over the sensor for 4 min followed by Milli-Q water, allowing the baseline to stabilize once again. This was repeated a further two times to ensure that any trace surface contamination was removed. The syringes were then filled with 50 μM methanesulfonic acid (MES), pH5.5 (running buffer), which was flowed over the sensor at 50 μL: min −1 . The baseline was allowed to stabilize. The refractive index of the buffer, used in subsequent layer calculations, was determined by comparing the instrument response with that of water, which has a known refractive index.
The flowrate of the running buffer was reduced to 20 μL: min −1 and 1 mg:mL −1 of polyethyleneimine (25; 000 g mol −1 in 50 mM MES, pH 5.5) was injected and flowed over the sensor for 10 min. The running buffer was flowed to rinse the sensor after PEI adsorption (25 μL: min −1 for 8 min or until stable). The sample needle and injection loop were rinsed with 1 mL of MES for cleaning before the next polyelectrolyte injection. PGA (1 mg:mL −1 in MES) was then injected and flowed over the sensor for 10 min (at 20 μL: min −1 ). Rinsing of the sensor and injection loop was followed as described previously. Alternating layers of PLL and PGA were then deposited on the sensor until a total of nine layers of polyelectrolyte had been deposited (including the initial PEI layer), with the terminating layer being PLL. After rinsing the sensor, BMP 2 (0.1 μg:mL −1 ; negatively charged) was injected at 5 μg:mL −1 for 30 min. The sensor was rinsed once again and a PLL layer was deposited before injection of TGFβ 1 (0.2 μg:mL −1 ; negatively charged) onto the sensor at 5 μL: min −1 for 30 min. A final PLL layer was deposited before rinsing with running buffer. Thickness and mass values were determined using the bulk refractive index calculated during calibration.
Embedding of BMP 2 and TGFβ 1 in PLL/PGA Core-Shell Particles and Capsules. Polystyrene particles (1 μm) were coated via LbL with three layers of PLL and PGA as described above and resuspended in 500 μL of 50 mM MES, pH 5.5. Then 100 μL of PLL-terminated particles were incubated overnight with 0.2 mg:mL −1 of BMP 2 at 4°C. After washing once with MES, a layer of PLL was adsorbed for 20 min, followed by three cycles of MES washing. TGFβ 1 (0.2 μg:mL −1 ) was then deposited by overnight incubation at 4°C. The particles were washed twice to remove unbound protein and were again incubated with a final layer of PLL for enhanced cell attachment. A small volume (4 μL) was removed after each deposition step for zeta potential measurement.
For capsule formation, silica cores (1 μm) were used instead of polystyrene particles. An initial layer of PEI was deposited followed by the deposition of polypeptides and proteins in the following order: PGA-PLL-PGA-PLL-BMP 2 -PLL-TGFβ 1 -PLL. The cores were dissolved by the addition of 2 M hydrogen fluoride/8 M ammonium fluoride (pH 5) and the formed capsules were washed four times with 50 mM MES, pH 5.5. Confocal microscopy images of the capsules were taken using a Leica TSC SP2 confocal unit (Leica Microsystems). In this study, the overall concentration incorporated was 0.1 μg:mL −1 of BMP 2 and (0.2 μg:mL −1 ) of TGFβ 1 . After dissolution of the core of the particles, the designed capsules were stored in the PBS or culture medium and visualized by confocal microscopy to show the dispersed capsules (Fig. S6) .
Cell Culture and Differentiation of Embryonic Stem Cells. The mouse ES cell line D3 (gift from R. Kemler) was kept undifferentiated as described (11) . To induce differentiation, the ES cells, free of feeder cells by extensive plating, were cultured in hanging drops (1; 000 cells∕30 μL) over 48 h in ES medium without LIF. The ES medium was supplemented with insulin (1 μg:mL −1 ) and ascorbic acid (50 μg:mL −1 ), and the fetal bovine serum was increased to 20%. The formed EBs were maintained in suspension from day three to five into ultralow adherent culture dishes (Stem Cell Technologies Inc) and then plated on coated coverslips into 4 or 24-well tissue culture plates. The effects of BMP 2 (10 ng:mL −1 ), TGFβ 1 (2 ng:mL −1 ), in various combinations on the differentiation for osteoblasts were examined. For all the experiments, we have used 20 μL of the characterized particles or capsules per EB. The medium was changed every second day.
Von Kossa Staining for Osteoprogenitors. The differentiated cells were washed twice with PBS, and then fixed for 2 h at RT with 10% neutral buffered formalin. After washing with dH 2 O, the cells were stained 30 min with 2.5% silver nitrate (freshly prepared). After two washes with dH 2 O, the cells were counterstained for 10-15 s with 0.1% toluidine blue, washed again three times with dH2O and then air dried. The presence of mineralized structures (in black) was recorded by a cool snap camera coupled to a Leica DRBH microscope. We also checked the cartilage differentiation by alamar blue staining, and at this stage there was no differentiation in any chondrocytes activity (Proteoglycans secretion)
Immunofluorescence for Osteopontin Expression. The fluorescent dye used for the secondary antibody is Cy5. EBs growing in the presence of the multilayered particles PEI-ðPGA-PLLÞ 2 -BMP 2 -PLL-TGFβ 1 -PLL were differentiated to the osteoblast lineage. For controls, EBs were differentiated on gelatinised coverslips in the presence of BMP 2 , TGFβ 1 , insulin and ascorbic acid (as a positive control; in this case, we added the growth factors after each change of the media; if not we had no bone induction) and fixed on day 21 with 2% paraforaldehyde. Immunocytochemistry was done as earlier described (31) . Cells were first treated with a monoclonal mouse antiosteopontin antibody (OPN [Akm2A1]: sc-21742; Santa Cruz Biotechnology). The second antibody was a goat antimouse IgG (H+L). Counterstaining of the cells was done by a 20s Hoechst treatment (5 ng:mL −1 ). Immunostaining for osteopontin-expressing cells (green) was monitored by a cool snap camera coupled to a Leica DRB microscope using a specific filter.
Histological and Electron Microscopy Analysis. The samples were fixed in Karnovsky fixative, postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer for 1 h at 4°C, dehydrated through graded alcohol and embedded in Epon 812. Semithin sections were cut at 2 μm and stained with toluidine blue, and histologically analyzed by light microscopy. Ultrathin sections were cut at 70 nm and contrasted with uranyl acetate and lead citrate, and examined
